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ABSTRACT
The stellar mass assembly of galaxies can be affected by both secular and environ-
mental processes. In this study, for the first time, we investigate the stellar mass
assembly of ∼ 90, 000 low redshift, central galaxies selected from SDSS group cata-
logues (MStellar & 109.5M, MHalo & 1012M) as a function of both stellar and halo
mass. We use estimates of the times at which 10, 50 and 90 per cent of the stellar
mass was assembled from photometric spectral energy distribution fitting, allowing a
more complete investigation than single stellar ages alone. We consider trends in both
stellar and halo mass simultaneously, finding dependencies of all assembly times on
both. We find that galaxies with higher stellar masses (at constant halo mass) have on
average older lookback times, similar to previous studies of galaxy assembly. We also
find that galaxies at higher halo mass (at constant stellar mass) have younger look-
back times, possibly due to a larger reservoir of gas for star formation. An exception
to this is a sub sample with high stellar-to-halo mass ratios, which are likely massive,
field spirals. We compare these observed trends to those predicted by the TNG300
simulation, finding good agreement overall as a function of either stellar or halo mass.
However, some differences in the assembly times (of up to ∼ 3 Gyr) appear when con-
sidering both stellar and halo mass simultaneously, noticeably at intermediate stellar
masses (MStellar ∼ 1011 M). These discrepancies are possibly linked to the quenched
fraction of galaxies and the kinetic mode AGN feedback implemented in TNG300.
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1 INTRODUCTION
Studies of massive galaxies have found that despite their
seemingly simple structure, they have more complex assem-
bly histories. Observations claim a short, quick burst of star
formation at high redshift (Thomas et al. 2005; Renzini
2006) during which the bulk of the stellar mass is formed.
Observations also reveal that massive high redshift galaxies
appear to have smaller physical sizes than their low redshift
counterparts (Daddi et al. 2005; Trujillo et al. 2006), mean-
ing that this population of galaxies appears to significantly
increase in size while gaining relatively little mass from early
epochs (van Dokkum et al. 2010; van der Wel et al. 2014).
Theories of galaxy formation have been used to link
these different observational results (Naab et al. 2009). They
suggest a two-phase scenario, whereby massive galaxies in
? E-mail: Thomas.jackson@uni-heidelberg.de
the early universe rapidly form the bulk of their stellar mass
through a main dissapative episode of star formation and
later increase their physical size via minor mergers (e.g.
Bezanson et al. 2009), indicating that both secular and en-
vironmental processes play a significant role in galaxy for-
mation and evolution.
A technique commonly used to constrain the mass as-
sembly processes of galaxies is the use of stellar population
synthesis applied to spectroscopic data. These techniques
employ a stellar library, either empirical (Vazdekis et al.
2010) or theoretical (Bruzual & Charlot 2003; Maraston
2005), in order to synthesise a combination of single-age stel-
lar spectra. These combinations are then matched to the ob-
served spectrum in order to find the weighted best-fitted age
estimation, among other characteristics such as metallicity
or [α/Fe], which can reveal more about a galaxy’s assembly
history (see Conroy et al. 2009, for an overview).
Studies utilising this technique have found evidence that
© 2020 The Authors
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more massive galaxies form their stars earlier and on shorter
timescales than less massive ones (Thomas et al. 2005; Gal-
lazzi et al. 2005; Thomas et al. 2010), commonly known as
downsizing (Cowie et al. 1996). These techniques have also
been applied to both long slit spectroscopy, to investigate
radial gradients of age, metallicity, IMF etc. (La Barbera
et al. 2012, 2019; Mart´ın-Navarro et al. 2015) and more re-
cently to integral field spectroscopy (Wilkinson et al. 2015;
Zibetti et al. 2020) to explore galaxy assembly and evolu-
tion processes in more detail. There are, however, some re-
strictions associated with these techniques. The sample sizes
can be significantly smaller compared to photometric studies
of galaxy evolution. They may also focus mainly on early-
type galaxies rather than the general galaxy population due
to the problems in breaking degeneracies in dust, age and
metallicity that dominate late-type galaxies as well as the
generally more complicated star formation histories which
cannot be well described by a single stellar population (see
Conroy et al. 2009, and references therein).
An alternative technique is to use photometric spectral
energy distribution fitting (hereafter SED fitting, see e.g. da
Cunha et al. 2008). Pacifici et al. (2012) used this technique,
implementing it on a large sample of galaxies from SDSS
(Pacifici et al. 2016). Their method uses semi-analytic mod-
els to generate a wide range of star formation histories and
fit these to observed photometry. This allows estimations of
the times at which certain percentages of stellar mass were
assembled, exploring in more detail the assembly histories
of certain galaxies, although with larger uncertainties than
spectroscopic techniques. The advantage of this technique is
that photometric catalogues are generally significantly larger
than spectroscopic catalogues, allowing for a greater range
of applications.
Estimated ages or lookback times are then usually com-
pared as a function of stellar mass, which is postulated to
be the main driver in galaxy evolution, especially in central
galaxies (Gallazzi et al. 2005; Pasquali et al. 2010). Multiple
processes are driven predominantly by stellar mass, rang-
ing from star formation (Kennicutt 1998) to the quenching
of star formation via supernova or Active Galactic Nuclei
(AGN) feedback (see e.g. Bower et al. 2006). Environment,
however, is also known to have an effect on galaxy assem-
bly (Pasquali et al. 2010). These processes range from ma-
jor and minor mergers supplying molecular gas, resulting
in starbursts (e.g. Sanders & Mirabel 1996), to processes
which shut down star formation such as strangulation and
ram-pressure stripping (see e.g. De Lucia 2011).
This variety of processes can affect many of the same
galaxy properties meaning there may be many degeneracies
between the two drivers of galaxy evolution. By comparing
galaxy properties as a function of both simultaneously, we
can attempt to somewhat separate secular evolution from
environmental effects. To do this, two proxies for the envi-
ronmental and secular processes are commonly used, namely
the stellar mass of the galaxy itself for secular processes and
the parent halo mass of a galaxy for the environment (Wein-
mann et al. 2006). Galaxy properties are then averaged in
bins of stellar and halo mass, or compared in a number of dif-
ferent fixed stellar (halo) masses while varying halo (stellar)
mass. This concept has been employed in previous studies in
order to investigate galaxy morphological types (Weinmann
et al. 2006), activity types (Pasquali et al. 2009), star for-
mation rates (van den Bosch et al. 2008; Wetzel et al. 2012),
ages and metallicities (La Barbera et al. 2014; Trussler et al.
2020) and satellite assembly and evolution (Pasquali et al.
2019; Smith et al. 2019) and their dependencies on both halo
and stellar mass.
Comparing observations to simulations is advantageous
in such studies for a number of reasons: Simulations can
track the entire stellar material of galaxies throughout cos-
mic time, allowing a full construction of the star formation
and mass assembly histories (De Lucia & Blaizot 2007).
Therefore, by comparing trends in both data sets, we can
improve the modelling within simulations, leading to more
accurate predictions. We can also use simulations to bet-
ter constrain and estimate the physical processes driving
the evolution of galaxies. However, when employing these
sorts of techniques, a deep level of matching is needed and
a realisation of the limits for both observations and simu-
lations needs to be clearly acknowledged in order to avoid
over-interpreting results.
In this paper we present the stellar mass build-up within
approximately 2 effective radii (∼ 2Re) of central galaxies.
Our observational sample contains ∼ 90, 000 low redshift
(z < 0.15), central galaxies selected from SDSS group cata-
logues of Lim et al. (2017), Yang et al. (2007) and Blanton
et al. (2005). From these catalogues we obtain both envi-
ronmental and host galaxy properties. We then use multiple
stellar mass assembly times, estimated via SED fitted mod-
els from the work of Pacifici et al. (2016). This allows us
to investigate for the first time how characteristic assembly
histories (instead of single stellar ages) correlate with both
environmental and secular factors. Finally, we compare the
findings inferred from the observational data with the results
of the TNG300 simulation (Pillepich et al. 2018b; Marinacci
et al. 2018; Springel et al. 2018; Nelson et al. 2018; Naiman
et al. 2018) in order to see how well the simulations repro-
duce what we observe and what processes may shape the
observational trends.
In Section 2 we present the observational data and
methods used in this research. In Section 3 we briefly in-
troduce the simulation used in this research and the criteria
used to select the comparison data. We then present our re-
sults and comparisons in Section 4. In Section 5 we discuss
these results before summarising our work in Section 6.
2 OBSERVATIONAL DATA AND METHODS
2.1 SDSS group catalogues
Group catalogues are extremely useful for exploring the
characteristic properties of various sub-populations of galax-
ies. This is due to their statistically significant sample sizes,
which reduce biases introduced by outliers and reveal an
overall picture of galaxy evolution and its possible depen-
dencies on both secular and/or environmental processes. In
this research we used the SDSS group catalogues of Lim
et al. (2017) which build upon the group catalogues of Yang
et al. (2007). We give a brief outline of the catalogues here:
A full description of the entire catalogues and techniques
can be found in Lim et al. (2017).
The catalogues of Lim et al. (2017) use data from the
SDSS data release 13 (DR13, Albareti et al. 2017), which
MNRAS 000, 1–16 (2020)
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Figure 1. The average properties of our SDSS galaxy sample per
bin in both stellar and halo mass. From top left to bottom right we
show the logarithm of the counts of galaxies, the average number
of satellites (NSat), the ratio of the radius in which the photometry
was measured to the effective radius, the average Se´rsic index, the
mean g − r colour and the sSFR estimated from the SED fitting.
improves on the data release 7 (DR7, Abazajian et al. 2009)
used in Yang et al. (2007). Two of the main improvements
are in the photometry, which implements refined reduction
of the raw data and uses updated zero-points, and the multi-
object spectroscopy, which obtains spectroscopic redshifts
for some objects that were missed in DR7 due to fibre col-
lisions. Lim et al. (2017) also use an improved Friends-of-
Friends (FoF) algorithm to link galaxies to their parent
haloes. This has been compared to Yang et al. (2007), with
no significant differences in the majority of groups, however
better constraints on the halo masses of groups with low
numbers of galaxies.
Each galaxy is initially treated individually while the al-
gorithm estimates halo masses based on the stellar masses.
These estimates are generated in mock catalogues from the
EAGLE simulation (Schaye et al. 2015; Crain et al. 2015),
which assumes a ΛCDM cosmology and returns dark matter
halo profiles consistent with Navarro, Frenk & White (1997,
NFW) profiles. Line-of-sight velocity dispersions (σLoS) and
halo radii (r180, the radius of the halo where the mean mass
density is 180 times the mean density of the Universe) are
then estimated. A probability function of two galaxies be-
longing to the same parent halo is derived using σLoS and
r180 and is then compared to a background probability in
order to cut any galaxies that are not likely to belong to the
group. We note that there is no distinction made between
groups and clusters in these catalogues.
Final halo masses are then calculated as follows: For
groups with more than one member, the “GAP correction”
of Lu et al. (2015) is applied. This uses the luminosity dif-
ference between the brightest galaxy assigned to the group
and then nth nearest neighbour. For galaxies without com-
panions, halo masses are estimated either using galaxy lu-
minosity or stellar mass. We use the luminosity derived halo
masses, which are derived from the relation between lumi-
nosity and halo mass yielded by the EAGLE simulations,
defined as the total mass contained within a sphere where
the density is 180 times the mean density of the Universe.
Lim et al. (2017) state that the typical uncertainty of these
estimations is ∼ 0.2 dex. For the purposes of this analysis, we
scaled the halo masses using the same cosmological parame-
ters as in TNG300 for consistency between the observational
data and simulations, whereby h = 0.6774 and Ωm = 0.3089
(Planck Collaboration et al. 2016). It should be noted, how-
ever, that for all that concerns the shape and properties of
the stellar-to-halo mass relations of the SDSS and TNG300
data, differences may arise because of modeling differences
between the EAGLE and the TNG300 simulations and do
not necessarily reflect failures of one or the other with re-
spect to reality, which we cannot assess.
In order to obtain further galaxy properties that were
not contained in the Lim et al. (2017) catalogues, we cross-
matched the sample with the New York University value-
added catalogue of SDSS galaxies presented in Blanton et al.
(2005) and the Yang et al. (2007) group catalogue, using the
SDSS identification number. We then obtained properties
such as the Malmquist bias weightings, which account for
the sensitivity of the survey, allowing us to correct any aver-
age galaxy properties for galaxies that fall under the survey
limits (see Yang et al. 2007, and references therein) and the
Se´rsic index (obtained by fitting azimuthally averaged sur-
face brightness profiles), which provides an indicator for the
characteristic galaxy morphology. All observational values
presented here forth are corrected for these bias weightings.
To link the star forming histories back to present day
properties such as halo mass, we then further cross-matched
the catalogues with those of Pacifici et al. (2016, presented
in Section 2.2) using a matching radius of 5 arcsec. This
reduces the likelihood of miss-matches while still allowing
for small differences in the astrometry. We retrieved better
constrained estimations of the stellar mass from the photo-
metric SED fitting method of Pacifici et al. (2016, described
in Section 2.2) than those in the other group catalogues,
hence these are the stellar masses referred to here forth. We
also used the specific star formation rates (sSFR) estimated
by the photometric SED fitting and the g and r magnitudes
used by Pacifici et al. (2016) for consistency.
We finally applied a cut in halo mass of MHalo > 1012
M and selected only central galaxies in their respective
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groups. This halo mass cut was chosen as below this value
the halo mass estimates have significant uncertainties. Our
final sample, hereafter referred to as our SDSS sample, con-
tains 89,647 galaxies, of which 12,663 have companions ac-
cording to the group catalogues and are hereafter referred
to as group environments and 76,984 are without a com-
panion, hereafter referred to as field galaxies. The sample
spans a redshift range of z = 0 − 0.13. We characterise this
sample in Figure 1, where galaxy properties are plotted in
0.1 dex bins of stellar and halo mass. By splitting our sam-
ple into bins with a size of 0.1 dex in both stellar mass and
halo mass and calculating the (Malmquist weighted) prop-
erties for each bin, we can reveal any trends in the data.
This binning allows us to simultaneously control for both
secular processes, of which stellar mass is a proxy and en-
vironmental processes, of which halo mass is a proxy. This
enables us to highlight how secular and environmental pro-
cesses can shape the evolution of a specific galaxy popula-
tion, imprinted in their characteristic present day properties
and average evolutionary sequences.
The top left hand panel of Figure 1 shows the logarithm
of the number of galaxies per bin of stellar and halo mass. As
could be expected, those bins in the centre of the distribution
contain the highest number of galaxies (& 1000 galaxies per
bin) with the edges of the distributions containing the least
(∼ 10 galaxies per bin). The top right hand panel shows the
mean amount of satellites within the parent halo (as deter-
mined by the modified FoF halo finder algorithm from Lim
et al. 2017). The most massive galaxies (MStellar & 1011M)
in the most massive haloes (MHalo & 1013.5M) in our sam-
ple have the most satellites.
The mean aperture size used in the photometry from
Pacifici et al. (2016) divided by the SDSS effective radius
from Blanton et al. (2005) is plotted in the mid left panel.
We see that most galaxies use an aperture of 1.9 effective
radii with no obvious trend in halo or stellar mass, except
for a sub-sample (MStellar ∼ 1011M, MHalo ∼ 1012M) which
have ∼ 0.3R/Re smaller aperture sizes. In the mid right
panel we compute the mean Se´rsic index (mid left panel)
in order to give an indication of the average morphology of
each bin. Similar to previous studies, we find that galaxies
with greater stellar masses have, on average, higher Se´rsic in-
dices, with the exception of a sub-sample (MStellar ∼ 1011M,
MHalo ∼ 1012M) which show lower Se´rsic indices at higher
stellar masses for constant halo mass. We also see subtle halo
mass dependencies, whereby in galaxies with stellar mass
MStellar < 1011M, at constant stellar mass but with higher
halo masses have, in general lower lower Se´rsic indices.
The bottom left panel shows the mean g - r colour from
the photometry used by Pacifici et al. (2016). We see that the
average colour of a galaxy correlates heavily with the stellar
mass, however similar to the Se´rsic index there is a slight
halo mass dependence at stellar masses MStellar < 1011M.
A galaxy of the same stellar mass in a more massive halo
is, on average, bluer in this regime. The bottom right panel
shows the mean sSFR as determined from the SED fitting
of Pacifici et al. (2016). The behaviour correlates in the
same way as the Se´rsic index, as a strong function of stel-
lar mass, however with a secondary halo mass dependency
below MStellar < 1011M, whereby galaxies with the same
stellar mass but in more massive haloes have higher sSFRs.
We also see an exception in a sub-sample of galaxies with
MStellar ∼ 1011M and MHalo ∼ 1012M, which have higher
sSFRs than less massive galaxies at constant halo mass.
2.2 The photometric SED fitting process
In their paper, Pacifici et al. (2016) carried out photometric
SED fitting on a large sample of galaxies (∼ 230,000) from
SDSS. This catalogue of galaxies includes estimates of the
assembly times (i.e. the formation time of both in- and ex-
situ stars) of 10, 50 and 90 per cent of the stellar mass (t10,
t50, t90) as well as estimates of the Star Formation Rate
(SFR) and stellar mass of each galaxy. A full description of
the SED fitting process can be found in Pacifici et al. (2012)
or Pacifici et al. (2016), however we provide a brief outline
here.
Pacifici et al. (2016) initially take photometry in 4 op-
tical bands from SDSS DR10 (Ahn et al. 2014): g, r, i and
z (central wavelength λc : 4770 A˚, 6231 A˚, 7625 A˚ and 9134
A˚), excluding the u-band due to systematic differences of
0.1 mag compared to the model library (see Pacifici et al.
2016, for more details). The SDSS Petrosian radius is used
to measure the photometric fluxes and has a median aper-
ture of 5 arcsec, with 16th and 84th percentiles of 3.8 and
7.8 arcsec. In order to more accurately constrain the stel-
lar masses, SFRs and the Star Formation Histories (SFHs),
photometry was added in the ultraviolet from GALEX: the
far-ultraviolet (λc ∼ 1550 A˚) and the near-ultraviolet (λc ∼
2200 A˚), and in the infra-red from WISE: W1 (λc = 3.4µm).
A 3 arcsec matching radius was applied between surveys.
All data were corrected for foreground extinction using
the dust maps of Schlafly & Finkbeiner (2011) and the ex-
tinction law of Fitzpatrick (1999), except for W1, where the
reddening is assumed to be negligible. The redshifts required
for the SED fitting process were obtained from optical fibre
spectroscopy from SDSS DR10. Pacifici et al. (2016) also ex-
clude any type 1 Active Galactic Nucleii (hereafter AGN),
which are expected to significantly affect the shape of the
SED, by using the emission line catalogue of Oh et al. (2011).
Pacifici et al. (2016) state they do not exlude type 2 AGN as
previous studies argue that continuum emission from these
objects does not affect the estimates of the physical parame-
ters derived from optical photometric fits (Kauffmann et al.
2003).
Individual galaxies can undergo an extremely wide
range of evolutionary histories, which in turn affects their
SFH. This SFH is reflected in the shape of the expected
SED, implying that a wide variety of SFHs needs to be con-
structed to compare to the observed photometry. The library
of SFHs used in Pacifici et al. (2016) is built from the Mille-
nium Simulation (Springel et al. 2005) post-processed with
the semi-analytic models from De Lucia & Blaizot (2007).
These SFHs contain a number of different star formation
scenarios (e.g bursty, smooth, declining etc.) and account
for a number of different metal enrichment histories.
These models are then combined with stellar population
synthesis models as described in Bruzual & Charlot (2003).
Nebular emission is computed using cloudy (Ferland et al.
1998, 2017) and dust attenuation models account for internal
reddening, including both spatial distribution and orienta-
tion uncertainties, via an implementation of Charlot & Fall
(2000). The full library contains around 1.5 million possible
SFHs and SED models.
MNRAS 000, 1–16 (2020)
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A Bayesian method is then applied to match the ob-
served photometry of any one galaxy to the SED models.
The weighted likelihood of all possible models is used to
construct a probability distribution (median, 16th percentile
and 84th percentile values) for host galaxy properties such
as the stellar mass and SFR averaged over the last 10 Myr.
The SFH, however, is calculated from the weighted 10 best
model fits to significantly reduce computational time, this
then yields the t10, t50 and t90 values. We note that the SED
fitting does not depend on the steepness of the stellar mass -
halo mass relation and does not depend on the SAM models
used (Pacifici et al. 2012).
The mean uncertainties on the assembly times range
from 0.3 Gyr for t90 to up to 0.9 Gyr for t10, with mean
uncertainties on the stellar mass and SFR estimations of 0.1
and 0.5 dex respectively. Pacifici et al. (2016) show that al-
though a wider range or the full library of models could be
used to generate better constrained probability distributions
for the SFHs, the difference in the precision compared to us-
ing the 10 best fitting models does not justify the significant
increase in computational time needed.
As our SDSS sample is distributed between 0 < z < 0.13,
each lookback time is not the expected z = 0 value. We calcu-
late the luminosity distance based on the redshift and apply
a correction to the lookback time, to bring these values into
line with those expected as if each galaxy was observed at
z = 0. This provides a uniformity over the observational sam-
ple and allows an easier comparison with the simulations.
3 SIMULATION DATA AND METHODS
3.1 IllustrisTNG
Cosmological simulations have recently progressed to the
stage where they can re-produce multiple properties of the
observed universe to a significant degree of detail and accu-
racy. Some of the numerous examples include the reproduc-
tion of the stellar mass function, Hubble sequence of mor-
phologies, colour bi-modality, star forming main sequence,
AGN galaxy properties etc. (Schaye et al. 2015; Furlong
et al. 2015; McAlpine et al. 2017; Trayford et al. 2017;
Scholtz et al. 2018; Pillepich et al. 2018a; Springel et al.
2018; Genel et al. 2018). As our observational sample con-
tains ∼ 90, 000 galaxies, IllustrisTNG provides the advantage
of having a comparable sample size after matching in their
300 cMpc simulational run compared to other similar sim-
ulations which have sizes of 100 cMpc such as EAGLE or
Horizon-AGN (Dubois et al. 2014).
IllustrisTNG is a suite of magnetohydrodynamical sim-
ulations (Pillepich et al. 2018b; Marinacci et al. 2018;
Springel et al. 2018; Nelson et al. 2018; Naiman et al. 2018)
which build upon the original Illustris simulations (Vogels-
berger et al. 2014a,b; Genel et al. 2014) while trying to ad-
dress and improve on points of tension with observations
(Nelson et al. 2015). It includes a number of different simula-
tion boxes (50 co-moving Mpc, 100 cMpc and 300 cMpc per
side), and dark-matter-only counterparts. The simulation
uses the AREPO moving mesh code (Springel 2010), which
utilises an adaptive Voronoi tessellation to solve the ideal
magnetohydrodynamical equations and TreePM to solve the
coupled equations of self gravitation at discrete timesteps.
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Figure 2. Central panel: The distributions in stellar mass ver-
sus halo mass for our SDSS observational sample (black points)
compared to the simulated sample from TNG300 (blue contours).
The 2 sub-panels show the respective distributions in log space of
the two samples in stellar and halo mass in their corresponding
colours.
Galaxy groups are identified using a FoF algorithm, with
galaxies identified using the Subfind algorithm (Springel
et al. 2001) and connected in each timestep using merger
trees.
IllustrisTNG includes schemes to account for a number
of astrophysical processes including some that take place
below the resolution limit of the simulations, i.e. the sub-
grid physics. This covers gas radiative processes featuring
multiple heating and cooling mechanisms as well as star for-
mation given by a pressure dependent law according to the
models of Springel & Hernquist (2003). Stellar evolution and
chemical enrichment are governed by yield tables and stel-
lar, supernova and AGN feedback are included (see Pillepich
et al. 2018a, and references therein). One of the main refine-
ments in IllustrisTNG compared to the original Illustris sim-
ulations is the implementation of a different AGN feedback
scheme. This includes both a thermally injected mode (at
high Eddington accretion ratios) and a kinetically injected
mode (at low Eddington ratios, see Weinberger et al. 2017).
The sub-grid physics choices are made so that specific
relations are approximately consistent with observations.
These include the galaxy stellar mass function, the galaxy
stellar mass - size relation, the stellar mass - black hole mass
relation and the halo gas fraction versus halo mass at z = 0
as well as the cosmic star formation rate density evolution.
These improvements in the physics and sub-grid physics
yield a better reproduction of a number of observables than
the original Illustris simulations. Pillepich et al. (2018b)
showed that IllustrisTNG reproduces galaxy sizes and the
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stellar mass function more accurately, especially at lower
stellar masses. They also showed that the stellar-to-halo
mass relation is more consistent with other semi-empirical
findings and that the gas fraction to halo mass relation is in
better agreement with X-ray inferences above a halo mass
of ∼ 1013 M. Nelson et al. (2018) showed that IllustrisTNG
reproduces the colour bi-modality to a better degree than
the original Illustris, and Springel et al. (2018) showed that
the clustering of red versus blue galaxies is also consistent
with observations at z ∼ 0.
3.2 Selection of the simulated sample
To be able to make a meaningful comparison between ob-
servations and simulations, some level of matching needs to
be applied. Firstly, the samples of galaxies in the considered
data sets need to be selected as similarly as possible. Sec-
ondly, the galaxy properties from the simulated data need
to be computed in as similar a way as possible to how they
are inferred from the observational data. If the two data sets
are unmatched then biases in either data set cause a com-
parison to be of little worth and the possibility that results
appear completely different. A number of possible matching
or selection techniques are in volume, stellar mass, redshift
or flux. Some of these options, along with their possible im-
pact on our results, are discussed further in Section 5.3.
In this paper, we use the publicly-available data from
the largest simulation box (Nelson et al. 2019) with the best
resolution at this level, TNG300-1 (hereafter TNG300), in
order to obtain a simulated sample with a comparable num-
ber of galaxies to the SDSS set and thereby reduce volume-
driven biases. We use the z = 0 snapshot from the TNG3001
and apply a cut in halo mass, computed as the total mass
of all particles enclosed in a sphere whose mean density is
200 times the mean density of the universe, to all galaxies
of MHalo > 10
12 M. We note that although this radius is
not 180 times the mean density which is used for the ob-
servations, it is the closest match in the TNG catalogues,
and that using subtly different halo mass definitions has a
minimal effect on later results.
We then select all central galaxies above the halo mass
cut defined above. This yields 46,241 central galaxies, here-
after our TNG300 galaxy sample. We also note that although
the FoF halo finders used for the simulations and the obser-
vational group catalogues are not exactly the same, such as
the designation of the central galaxy in a halo being the
most luminous member of the assigned group in the obser-
vations compared to the most massive in the simulations,
we proceed by assuming that the algorithms should provide
similar results as they are based on the same basic concepts,
and any minor errors should not significantly impact trends
in the data as we expect this to be mitigated by binning in
both stellar and halo mass. A thorough test of this, however,
is beyond the scope of this study.
The majority of the SDSS photometry used in Pacifici
et al. (2016) was measured within approximately two effec-
tive radii (2Re, see Figure 2), hence we choose to use this
as our matching criterion for the simulations. Although the
1 we correct SDSS stellar assembly times to bring them in line
with expectations at z = 0, see Section 2.2
photometry apertures are not uniform and there is a slight
scatter we do not expect this to impact significantly on the
results and trends we see. We take the available aperture
of 2Rhal f−mass in TNG300 (in three dimensions) to cal-
culate the majority of our values. We stress at this point
that we are making the assumption that Rhal f−mass and Re
are equivalent, which although not exact (Suess et al. 2019;
Pillepich et al. 2019) is not expected to significantly impact
our results. All measurements from the simulation are here
forth within the three-dimensional stellar half-mass radius
(2Rhal f−mass).
As explained in Section 2.2, the t10, t50 and t90 times
for the observational data are calculated from the weighted
10 best-fitting SFHs. These SFHs are also weighted by the
initial stellar birth mass. In order to create the best compar-
ison possible, we considered all the present day stellar par-
ticles in each TNG300 galaxy within 2 Rhal f−mass. We then
used the formation times of each stellar particle weighted
by the initial stellar birth mass of each particle (the same
as the observations) to construct a profile of the cumulative
initial stellar mass at birth as a function of time for each
galaxy in the simulation. From these profiles we calculated
the corresponding t10, t50 and t90 times for each galaxy in
our simulated sample.
We also retrieve the stellar masses which are calcu-
lated from the combined mass of all stellar particles within
2Rhal f−mass, and are re-scaled according to Pillepich et al.
(2018a) to account for biases caused by the lower resolution
limit of the simulation with a 300 cMpc box size (TNG300)
compared to the simulation with higher resolution with a 100
cMpc box (TNG100). We compute the SFR averaged over
the last 10 Myr (Donnari et al. 2019) within 2Rhal f−mass.
This provides a comparable estimation to the observations,
which are also averaged over 10 Myr. In their study Donnari
et al. (2019) show that resolution has no significant effect on
the SFRs, therefore no re-scaling of the SFRs due to reso-
lution is needed. Colours, namely the g and r magnitudes,
are calculated from summing the luminosity of all stellar
particles belonging to that galaxy within 2Rhal f−mass. We
also convolve all simulational values with the uncertainties
in the observational results to better represent the simula-
tional data.
A comparison of the final distributions in stellar versus
halo mass of the observational sample and simulated sam-
ple can be seen in Figure 2. We highlight again that SDSS
galaxies halo mass estimates are generated from mock cat-
alogues of the EAGLE simulation and therefore no conclu-
sions can be derived here regarding the level of realism of
the TNG300 model in relation to the overall shape of its
stellar-to-halo mass relation. Figure 2 shows that the dis-
tributions in halo masses are similar, however our sample
from IllustrisTNG has a slightly different stellar mass dis-
tribution, compared to our observational sample. These dif-
ferences however are small at the most massive end (< 100
galaxies with MStellar & 1012M) and should be somewhat
accounted for by binning in both stellar and halo mass, min-
imising the impact on the average trends.
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4 RESULTS
4.1 Average assembly times of SDSS and
TNG300 galaxies
To compare at which epochs our observational and simu-
lated samples assembled most of the stellar mass in their
inner regions and how environmental and secular processes
may shape these processes, we initially investigate the stellar
mass assembly times. As outlined in Section 2.2, the SED
fitting process yields estimations for the lookback time at
which each galaxy in our observational sample formed 10,
50 and 90 per cent of its stellar mass in the SDSS sample.
Like in Figure 1, we bin in 0.1 dex bins of stellar and halo
mass. The results are presented in Figure 3.
We also test how well TNG300 reproduces the assembly
of 10, 50 and 90 per cent of the stellar mass as a function
of present day stellar and halo mass by applying the same
binning procedures as for the observational data, to provide
a like for like comparison: results are given in Figure 4.
Figure 3 shows the mean lookback times at which 10
(left hand panel), 50 (central panel) and 90 (right hand
panel) per cent of the stellar mass was assembled. We see
that the range of assembly times in t10 is relatively small,
ranging from 12 Gyr to 10 Gyr. This range increases as we
move to t50 (6 - 9 Gyr) and to t90 (2-6 Gyr). There is also
a strong dependency of the lookback times on stellar mass,
whereby holding the halo mass constant (i.e going from left
to right) we observe, on average, a clear case of downsiz-
ing. This is in line with previous studies of galaxy assembly
(see e.g. Thomas et al. 2005; Gallazzi et al. 2005; Pasquali
et al. 2010; Pacifici et al. 2016), whereby massive galaxies
form a certain percentage of their stars earlier than less mas-
sive galaxies. We also see, however, a simultaneous depen-
dency on the halo mass, whereby galaxies at constant stellar
mass (below a stellar mass of 1011 M) but with higher halo
masses, display on average younger lookback times, espe-
cially t50 and t90. This reflects the behaviour seen in the
sSFRs and Se´rsic indices from Figure 1.
A sub-sample (∼2 per cent of our SDSS sample), located
in the bottom right corner of the distribution, seems to con-
tradict hierarchical mass assembly behaviour. These galaxies
have the highest stellar-to-halo mass ratios (MStellar ∼ 1011
M and MHalo ∼ 1012), and have younger ages than some
less massive galaxies at constant halo mass. This is the same
sub-sample which have low Se´rsic indices and raised sSFRs
in Figure 1. We investigate this sub-population further in
later sections and discuss these results in Section 5.1.
We see that the average assembly times are, in general,
fairly well reproduced by TNG300, as seen in Figure 4. Our
TNG300 sample generally predicts similar times for the as-
sembly of 10 (left hand panel), 50 (central panel) and 90
(right hand panel) per cent of the stellar mass across most
stellar and halo masses. There are some subtle differences,
such as at the lowest stellar masses (MStellar ∼ 1010 M) in
the t10 and t50 times, which tend to be different by ∼ 0.5 - 1
Gyr, however these are still within the observational uncer-
tainties. We also see that although the most massive objects
in general formed early on in TNG300, the same as in the
observations, a significant fraction of the oldest assembled
objects appear to have intermediate stellar and halo masses
(MStellar ∼ 1010.5 M and MHalo ∼ 1013). This is in qual-
itative disagreement with our observational results, where
these objects usually have some of the youngest assembly
times. These differences in the lookback times can be up to
2-3 Gyr, well outside of the observational errors. We discuss
these differences in more detail in further sections.
4.2 Differences in the lookback times between
SDSS and TNG300
Having qualitatively presented the stellar assembly times of
both our SDSS and TNG300 samples in Section 4.1, we now
attempt to quantify and compare some of these results. In
order to do this we firstly compare trends in either halo or
stellar mass to see how well TNG300 reproduces the SDSS
data if only one variable is considered. This is presented in
the top row of Figure 5. The trends of t10, t50 and t90 as
a function of stellar mass alone are in left hand panel and
halo mass alone in the right hand panel. The solid lines give
the medians of the SDSS data with 16th and 84th percentiles
given by the shaded area and the dotted lines give the me-
dian of the TNG300 sample. We see that the trends in the
observational sample can be fairly well reproduced by the
simulation, as the simulated values are mostly within the
scatter of the observational sample at almost all stellar and
halo masses. We also, once again, see downsizing, whereby
less massive galaxies have younger t10, t50 and t90 values as
a function of both stellar and halo mass. Comparing the top
left panel to the top right panel we see that these trends
tend to be stronger (represented by the steeper gradients)
in stellar mass than in halo mass for all lookback times. We
also note an increase in the scatter of the distributions from
an average of ∼ 2 Gyr in t10 to ∼ 4 Gyr in t90, as seen above
in section 4.1.
To quantify the effect that accounting simultaneously
for stellar and halo mass has on any comparison, and thereby
highlighting tensions between the simulations and observa-
tions, we took 3 different samples at low (MHalo = 10
12
M), intermediate (MHalo = 1013 M) and high halo masses
(MHalo = 10
14 M) with a bin width of ± 0.2 dex around
the central halo mass and plotted the median, 16th and 84th
percentiles of the t90 values as a function of stellar mass,
seen in the left mid panel of Figure 5. We also take three
stellar masses (MStellar = 10
10.25, 1010.75, 1011.25 M ± 0.1
dex) and plotted the median and 16th and 84th percentiles
of the t90 values as a function of halo mass in the right mid
panel. We use t90 as this is the best constrained value of the
three lookback times, with the smallest uncertainties.
We firstly observe a consistent, non-monotonic be-
haviour in the observational sample (median given by the
solid line and 16th and 84th percentiles shaded) when con-
sidering the halo mass sub-samples as a function of stellar
mass (mid left hand panel). We also see that for most stel-
lar and halo masses, TNG300 (median given by the dashed
line and 16th and 84th percentiles shaded) predicts lookback
times within the scatter of SDSS sample. We see, however,
that the greatest differences between the simulation and ob-
servations are at intermediate stellar and halo mass. This
difference can be up to 3 Gyr, significantly outside of the
observational errors. At these stellar masses and greater, we
also observe subtly different trends compared to those in-
ferred from observations, although the values are within the
scatter of the distributions.
In the mid right hand panel we see the lookback times
MNRAS 000, 1–16 (2020)
8 Thomas M. Jackson et al.
10 11 12
12.0
12.5
13.0
13.5
14.0
14.5
15.0
Lo
g 1
0 
M
Ha
lo
 (M
)
t10 - SDSS
10 11 12
Log10 MStellar (M )
t50 - SDSS
10 11 12
t90 - SDSS
0
2
4
6
8
10
12
Lo
ok
ba
ck
 T
im
e 
(G
yr
)
Figure 3. The mean lookback times at which 10% (left hand panel), 50% (central panel) and 90% (right hand panel) of the stellar mass
was assembled for our SDSS sample of central galaxies at z = 0 in bins of halo and stellar mass. The colour bar gives the lookback time
at which these percentages were formed. Going from the left to right of each distribution, we initially see clear downsizing behaviour,
whereby more massive galaxies assembled specific percentages of their stellar mass at earlier times. An exception to this trend is a
sub-population in the bottom right of the distribution which can be seen to display the opposite trend, i.e. more massive galaxies at
fixed halo mass with younger ages. The solid black lines give the median stellar-to-halo mass relation of the sample.
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Figure 4. The mean assembly times at which 10% (left hand panel), 50% (central panel) and 90% (right hand panel) of the stellar
mass was assembled for our TNG300 sample of central galaxies at z = 0 in bins of present day halo and stellar mass. The colour bar
gives the lookback time at which these percentages were formed. The simulation predicts lookback times, in general, that are similar to
the observations, however it predicts a different overall behaviour with respect to halo and stellar mass than the observations. The solid
black lines give the median stellar-to-halo mass relation of the sample.
as a function of halo mass in the 3 different stellar mass bins
defined above. We see young lookback times with a flat trend
as a function of halo mass for the lowest stellar mass bin.
For intermediate stellar masses we see intermediate look-
back times, with a slight negative trend between the look-
back time and halo mass, i.e. galaxies in more massive haloes
have slightly younger ages. This behaviour is repeated in the
highest stellar mass bin, except at low halo masses, where
the sub-population with the highest stellar-to-halo mass ra-
tios lowers the lookback times. When we compare this to
TNG300, we see a good agreement of the lookback times
in the lowest stellar mass bin and a reasonable agreement
in the highest stellar mass bin between the observations and
simulations as a function of halo mass. We see, however, that
the halo mass trends in TNG are reversed with respect to
the observations in the intermediate and high stellar mass
ranges (MStellar ∼ 1010.75 M, 1011.25 M), whereby t90 in-
creases with halo mass at fixed stellar mass. This causes
differences of up to ∼ 3 Gyr at fixed stellar and halo mass.
We also observe that the scatter in MHalo at fixed MStellar is
smaller than in the observations.
To further investigate the drivers behind these differ-
ences in the stellar assembly times when we account for both
stellar and halo mass, we investigate the quiescent fraction
of galaxies (here defining quiesence as Log10 sSFR < -11
yr−1 Pasquali et al. 2019) as this can cause major differ-
ences when comparing the ages of two galaxy populations.
The quiescent fraction of galaxies yielded by IllustrisTNG
has been previously investigated, reproducing observational
results to a good agreement at both z = 0 and z . 2 (Don-
nari et al. 2019), however much like the stellar mass assem-
bly times, we want highlight the effects that stellar and halo
mass may have on sub-populations and reveal more subtle
trends.
In Figure 5, bottom panels, we see that TNG300
(dashed lines) reproduces the observed quiescent fraction
(solid lines) well in the domains where the lookback times
have some level of agreement in the mid panels, however
in the domains where we have differences in the lookback
times as both a function of stellar or halo mass, there are
major differences in the quiescent fraction. This is best seen
in the intermediate halo mass bin in the left hand panel at
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Figure 5. Top row: The t10 (black), t50 (magenta) and t90 (cyan) times for our observational sample (solid line) compared to TNG300
(dashed) as a function of stellar mass (left panel) and halo mass (right panel). We see generally good agreement, whereby TNG300
is mostly within the scatter of the observational distribution. Middle row: The t90 lookback times as a function of stellar mass (left
panel) and halo mass (right panel), split into three different halo/stellar masses. When we account for both halo and stellar mass we see
disparities between the observations and simulations, especially at intermediate values. Bottom row: The fraction of galaxies that are
quiescent (Log10 sSFR < -11 Gyr
−1) as a function of stellar and halo mass, split into the bins in halo/stellar mass, respectively, as above.
intermediate stellar masses, whereby TNG300 predicts that
∼80 per cent of all galaxies should be quiescent, while in the
observations < 20 per cent are, and the lookback times are
therefore much higher than expected. This is confirmed by
the intermediate stellar masses as a function of halo mass in
the right hand panel, whereby nearly all galaxies in this sub-
sample are quiescent compared to < 20 per cent on average
for the observations.
4.3 Characteristic galaxy properties in TNG300
To investigate possible mechanisms that may give rise to
the tensions seen in the assembly times between SDSS and
TNG300, especially at intermediate stellar masses (MStellar ∼
1010.5 M), we explored a number of host galaxy properties
at z = 0 in TNG300 that were likely to be physically linked
to the star formation histories or to the quenched fraction
of galaxies. Any behaviour or trends in these properties as a
function of both stellar and halo mass may indicate possible
drivers of these differences in TNG300. Figure 6 shows the
most relevant properties to this investigation.
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Figure 6. The top left panel shows the mean sSFR and the top
right panel shows the mean g − r colour as a function of both
stellar and halo mass in TNG300. The bottom left panel shows
the mean cumulative energy injected into the galaxy thermally
from AGN feedback, and the bottom right panel shows the same
but kinetically. The kinetic mode feedback reflects on average the
trends seen in the upper panels and in the assembly times of
galaxies in Figure 4.
In the top left hand panel we have the sSFR as a func-
tion of stellar and halo mass. We see a significant change in
the sSFR at stellar masses of MStellar ∼ 1010.5 M with a
very slight halo mass dependence at low halo masses (MHalo
∼ 1012−12.5 M). In the top right hand panel, we show the g
- r colour binned in stellar and halo mass. The trends in the
colours mirror the trends in the sSFR closely, whereby galax-
ies with lower sSFR rates have redder colours, as expected.
The mean cumulative amount of energy injected into the
galaxy from AGN feedback via the thermally injected mode
(ETh) is shown in the bottom left hand panel, compared
to the kinetically injected mode (EKin) in the bottom right
hand panel. We see that the amount of energy supplied by
the thermal mode increases approximately with stellar mass
relatively smoothly. The mean cumulative energy injected
by the kinetic mode, however, shows more similar behaviour
to the colours and sSFR at MStellar ∼ 1010.5 M, with a
sharper transition from low to high amounts of energy in-
jected compared to the thermal mode, with a slight halo
mass dependence after this point, reflecting the behaviour
seen in the assembly times and sSFRs.
We postulate a scenario whereby galaxies in Illus-
trisTNG reach a critical stellar/halo mass (MStellar ∼ 1010.5
M, MHalo ∼M12.5 M) and the kinetic mode AGN feedback
starts to take effect. Taking a scenario with two galaxies of
similar halo mass but slightly different stellar masses, we
propose that the AGN feedback may rapidly shut down star
formation in the slightly less massive galaxy, resulting in old
stellar assembly lookback times and higher quenched frac-
tion as seen for intermediate mass galaxies (MStellar ∼ 1010.5
M, MHalo ∼ 1013 M). This means the second galaxy with
slightly more stellar mass is more resistant, due to a larger
gravitational potential, and can continue forming stars, al-
beit likely at a lower rate, thereby lowering the stellar assem-
bly lookback times. Beyond this critical stellar/halo mass
(∼ 0.5 dex higher in stellar and halo mass), the kinetic mode
AGN feedback dominates, shutting down star formation in
most systems and causing lookback times to be even in stel-
lar and halo mass phase space. Further investigation beyond
the scope of this research is needed in order to confirm this
scenario however.
4.4 Growth of the observational sample
In order to investigate the assembly of each present day stel-
lar and halo mass bin of our observational sample in more
detail, with a focus on the galaxy sub-population with the
highest stellar-to-halo mass ratios (MStellar ∼ 1011 M and
MHalo ∼ 1012) and with young t90 lookback times, we cal-
culate the mean growth rate of each galaxy per Gyr. This
reveals at which epochs certain sub-populations of galax-
ies experienced greater rates of growth with respect to oth-
ers, disclosing more detail about the evolution of each sub-
population. As outlined in Section 2.2, the SED fitting pro-
cess also estimates the stellar mass of each individual galaxy
in 1 Gyr intervals, ranging from 0 Gyr to 11 Gyr. From this
we can define the growth of a galaxy per Gyr as follows:
Growth = ∆M/M = (Mi − Mi+1)/Mi+1 (1)
where Mi is the stellar mass of a galaxy at a specific
epoch and Mi+1 is the stellar mass of the same galaxy 1 Gyr
earlier (e.g. when Mi = MStellar, 1 Gyr ago, Mi+1 = MStellar,
2 Gyr ago).
Applying the same binning procedure in present day
stellar and halo mass as before and calculating the
Malmquist weighted means of each bin yields Figure 7. This
shows the mean stellar mass growth of each bin in 1 Gyr
intervals, from 11 Gyr ago up to the present day, with the
specific epoch given by the labels inset in each plot. We note
here that each sub-plot has a separate colour bar, in order to
be able to differentiate growth accordingly at various epochs.
We see that the average trends in stellar and halo mass in the
observational sample from Figure 1 and Figure 3 are repli-
cated. At fixed MHalo the mass growth slows down as MStellar
increases, while at fixed MStellar (where MStellar < 10
11 M)
the mass growth is stronger in more massive haloes.
The most massive galaxies in this sample (MStellar ∼
1011.5 M, MHalo ∼ 1014 M) have undergone, relatively,
very little growth in stellar mass since early epochs, as ex-
pected from the old lookback times in Section 4.1. The sub-
population of galaxies with the highest stellar-to-halo mass
ratios (MStellar ∼ 1011 M and MHalo ∼ 1012) and with young
t90 lookback times from Figure 3, appear to have had a fairly
steady relative growth throughout cosmic time. The growth
rate in stellar mass for this sub-sample in the last 6 Gyr is
an average of ∼ 10 per cent per Gyr and attains a maximum
of ∼ 25 per cent per Gyr.
We also see that those galaxies with low stellar mass and
low stellar-to-halo mass ratios (i.e. those on the left hand
side of the distribution) have the highest relative growth
MNRAS 000, 1–16 (2020)
Stellar Mass Assembly of Low-z, Massive Centrals 11
12
13
14
15
Lo
g 1
0 
M
Ha
lo
 (M
) 0-1 Gyr
0
5
10
15
20
1-2 Gyr
0
5
10
15
20
2-3 Gyr
0
5
10
15
20
G
ro
w
th
 (%
)
12
13
14
15
Lo
g 1
0 
M
Ha
lo
 (M
) 3-4 Gyr
0
5
10
15
20
4-5 Gyr
0
5
10
15
20
25
5-6 Gyr
0
10
20
30
G
ro
w
th
 (%
)
12
13
14
15
Lo
g 1
0 
M
Ha
lo
 (M
) 6-7 Gyr
0
10
20
30
40
50
7-8 Gyr
0
20
40
60
80
100
9 10 11 12
Log10 MStellar (M )
8-9 Gyr
0
100
200
300
G
ro
w
th
 (%
)
9 10 11 12
Log10 MStellar (M )
12
13
14
15
Lo
g 1
0 
M
Ha
lo
 (M
) 9-10 Gyr
0
500
1000
1500
9 10 11 12
Log10 MStellar (M )
10-11 Gyr
0
1000
2000
3000
4000
5000
G
ro
w
th
 (%
)
Figure 7. The average percentage growth rate of each SDSS galaxy bin over a Gyr (lookback time given in each panel) as defined in
Equation 1. We see that the lowest mass galaxies have significantly the highest rate of growth from ∼ 5 Gyr ago until the present day. We
also see that the galaxies with high stellar-to-halo mass ratios have relatively steady growth rates at all epochs, although significantly
less than the lowest mass galaxies from ∼ 5 Gyr ago to the present.
from ∼ 5 Gyr ago until the present day, as expected for
low mass star forming galaxies. We note, however, that this
growth rate is still at maximum ∼ 30 per cent per Gyr in
the last 6 Gyr, and is unlikely to be high enough to shift
them towards the median of the distribution in stellar and
halo mass phase space.
5 DISCUSSION
In this paper we have, for the first time, investigated the stel-
lar mass assembly of ∼ 90, 000 low redshift, massive, central
galaxies as a function of stellar and halo mass and linked
their average assembly histories and characteristic present
day properties to the environmental and secular processes
that have influenced these characteristics. This was achieved
by cross matching multiple group catalogues from SDSS
(Blanton et al. 2005; Yang et al. 2007) with SED fitted star
formation history estimations from Pacifici et al. (2016) and
halo masses derived from mock catalogues from the EAGLE
simulation (Lim et al. 2017). This observational sample was
then compared to a sample from the TNG300 simulation in
order to investigate if the simulations reproduce the obser-
vational trends.
5.1 Trends in the formation times
We have seen that a number of interlinked galaxy proper-
ties display the same average trends as a function of stellar
and halo mass, such as the Se´rsic index, sSFR, lookback
times and growth rates. We will now discuss possible sce-
narios behind this behaviour. Figures 1, 3, and 7 show that
all of these galaxy properties have a strong dependency on
stellar mass. We see that, in general, more massive galax-
ies (at constant halo mass) assembled certain percentages of
their stellar mass earlier. This result follows previous stud-
ies which find downsizing, whereby more massive objects
assemble specific percentages of their stellar mass at earlier
cosmic times than less massive objects (Cowie et al. 1996;
Thomas et al. 2005; Pacifici et al. 2016).
We also see, however, that there are secondary depen-
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dencies on halo mass. If we hold stellar mass constant (in
the regime that MStellar < 10
11 M), those galaxies which
reside in more massive haloes, tend to have younger look-
back times which are reflected in their higher growth rates,
higher sSFRs and lower Se´rsic indices. One scenario could be
that the more massive halo has a larger gravitational poten-
tial and is able to cool hot accreted gas more efficiently for
steady star formation, presented as the ”hot-mode”accretion
in Katz et al. (2003) and Keresˇ et al. (2005) or recycle earlier
accreted hot gas easier (e.g. O’Donnell et al. 2020). A sec-
ond scenario could be that higher mass haloes contain more
satellites, which could supply gas to their centrals via inter-
actions and mergers in order to sustain their star formation
(e.g. De Lucia & Blaizot 2007; Jackson et al. 2020).
The exception to these observed behaviours is a sub-
population of objects (MStellar ∼ 1011 M and MHalo ∼ 1012)
with high stellar-to-halo mass ratios, which constitute ∼2
per cent of our entire sample and drive the non-monotonic
trends seen in the lookback times when comparing differ-
ent halo masses as a function of stellar mass (Figure 5). We
postulate that these objects are massive spirals in the field
with a relatively quiet accretion history. The characteristic
low Se´rsic indices indicate late-type morphologies, while the
higher sSFRs show that star formation is not yet quenched
in these systems, a phenomenon that is fairly rare at stel-
lar masses of 1011 M. According to the group catalogues,
they are also located on average in haloes with no com-
panions, supporting the idea that they may not have been
morphologically transformed due to a lack of interactions, at
least in recent times. To test this hypothesis, we also visu-
ally inspected 50 of these objects selected at random using
SDSS imaging data, finding no significant signs of interac-
tions, very few neighbours and mostly disk-like structure in
the majority of these objects.
When we observe their growth from epoch to epoch in
Figure 7, we see that they have a fairly constant and steady
growth history. They do not grow as quickly at early epochs
and as slowly at later epochs as the most massive galaxies,
however not as quickly as the least massive galaxies at low
redshift. They instead display an intermediate relative value
at almost all epochs. We postulate that this steady growth is
most likely driven by one of two scenarios. The first is steady
gas accretion from the surrounding environment either via
filaments or minor mergers, similar to the ”cold mode” pre-
sented in Keresˇ et al. (2005). The second is the cooling of
recycled internal gas which has already been accreted at
much earlier times such as postulated in O’Donnell et al.
(2020). Such galaxies have been studied, albeit in individual
cases or small samples in Ogle et al. (2016) and Ogle et al.
(2019), where they also propose that these objects could be
sustained by the cooling of already accreted gas.
From Figure 5, by tracking our lowest stellar mass pop-
ulation as a function of halo mass (blue lines, mid left hand
panel), we see that this sub-population is not as prominent
in TNG300. We postulate that this rare population is likely
to exist in TNG, albeit at much lower numbers. This is likely
due to volume driven effects (the smaller the volume of the
sample, the less likely we are to find peculiar objects statis-
tically) as these galaxies are extreme and only make up 2
per cent of our observational sample.
5.2 Bias checking in the SED fits
As the matches of an SED to the library of model star for-
mation histories are dependent on the flux of the photom-
etry itself, we decided to check the average SED shape for
five sub-samples chosen to represent different populations of
galaxies in halo and stellar mass, shown in the left panel of
Figure 8. These sub-samples were chosen to have bin widths
of 0.2 dex in both halo and stellar mass and to contain a
minimum of 50 galaxies. This was done in order to verify if
any of the sub-populations had systematic biases that could
affect our results. The mean photometric flux for each sub-
sample in every photometric band was calculated and then
normalised to the flux in the z-band, as this was the peak
flux in four of the five sub-samples. This is shown in the
central panel of Figure 8. We see raised levels of UV flux in
sub samples 1 and 4 (black and yellow line, Log10 MStellar ∼
10.5 M and Log10 MHalo ∼ 12.5 M and Log10 MStellar ∼ 11
M and Log10 MHalo ∼ 13.5 M respectively) due to their
raised level of star formation, as expected from Figure 1. We
also notice the raised z - W1 flux of sub-sample 3, our high
stellar to halo mass ratio objects (red line, Log10 MStellar ∼
11 M and Log10 MHalo ∼ 12.5 M), which is responsible
for the high SFR estimates from the SED fitting.
AGN emission can significantly contribute to the IR
flux, especially in the MIR bands (Rosario et al. 2016). Al-
though type 1 AGN are removed from the catalogue of Paci-
fici et al. (2016), type 2 AGN may still contribute to some of
the IR emission. In order to check that this phenomenon was
not biasing the SFR estimates and therefore the assembly
histories in any of the sub-populations, with our high stellar
to halo mass sub-population in particular, we cross matched
the AGN catalogues of Kauffmann et al. (2003) and Assef
et al. (2018) with each sub-sample. We then calculated the
percentage of each sub-sample that shows clear AGN activ-
ity, which can be seen in the right hand panel of Figure 8.
The solid bar for each sub-sample represents the percentage
of galaxies found with AGN using the selection criteria of
Kauffmann et al. (2003) which are selected using the BPT
selection criteria (Baldwin, Phillips & Terlevich 1981), and
the shaded bar for each sub-sample represents those found
in Assef et al. (2018), which are identified using WISE MIR
colour-colour selection. We see that the AGN fraction is con-
sistently less than 5 per cent for all sub-samples in both se-
lection criteria, and that sub-sample 3, our high stellar to
halo mass objects, does not have a significantly higher frac-
tion of AGN using either selection criteria, implying that
it is unlikely that AGN emission biases the SFHs of this
sub-sample.
We also took data from the catalogues of Brinchmann
et al. (2004) and Salim et al. (2016). Although these two cat-
alogues do not contain mass assembly histories, we checked
the stellar and halo mass distributions versus the sSFR,
using the stellar mass and SFR estimates from each cata-
logue for consistency with the halo mass estimates from Lim
et al. (2017). If there is a systematic bias in the SED fitting
method of Pacifici et al. (2016), then these two catalogues
should not reproduce the trends in the sSFR, stellar mass-
halo mass plane we observe in Figure 1. Brinchmann et al.
(2004) combine data from SDSS DR4 (Adelman-McCarthy
et al. 2006) and a Bayesian approach to estimating SFRs and
stellar masses from a mixture of emission lines and the 4000
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Figure 8. The left hand panel shows the location in stellar and halo mass space of the five selected sub-samples from our SDSS data.
These are selected to occupy different parts of phase space in halo and stellar mass and have significantly different values of t90. The
central panel shows the average fluxes in each band for the five sub-populations, normalised to the z-band flux. The W1 flux is noticeably
higher for the high stellar-to-halo mass ratio sub-sample. The right hand panel shows the fraction of each sub-population selected as an
AGN via either BPT (from Kauffmann et al. 2003, solid bars) or MIR selection (from Assef et al. 2018, shaded bars).
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Figure 9. The left hand panel shows the sSFR as a function of halo and stellar mass as determined by Brinchmann et al. (2004), from
using a mixture of emission lines and the 4000 A˚ break. The central panel shows sSFR as a function of stellar and halo mass for our
SDSS sample as estimated in the work of Salim et al. (2016), which used SED fitting to determine stellar masses and SFRs. The right
hand panel shows the luminosity weighted stellar ages as a function of stellar and halo mass from Gallazzi et al. (in prep). We see similar
average trends as a function of stellar and halo mass as inferred from the SED fiting method of Pacifici et al. (2016), albeit at somewhat
different strengths due to differences in each SED fitting method, thereby showing the average trends are unlikely to be biased by our
SED fitting method.
A˚ Balmer break. Salim et al. (2016), alternatively, fit multi-
wavelength photometry from GALEX, SDSS and WISE with
the SED fitting code cigale (Noll et al. 2009). By cross
matching these two catalogues with Lim et al. (2017), we
compared the sSFR as a function of stellar mass and halo
mass, shown in Figure 9. We note that both catalogues have
higher upper limits on the sSFR than the catalogue of Paci-
fici et al. (2016), meaning we searched for a replication of
the general trends rather than absolute values.
The left hand panel of Figure 9 shows the sSFR as a
function of both stellar mass and halo mass from Brinch-
mann et al. (2004). We see subtle trends as a function of
both stellar and halo mass, confirming the secondary depen-
dencies we see in Figure 1. We also see that the most massive
galaxies (Log10 MStellar ∼ 11.5 M, Log10 MHalo ∼ 14 M)
have the lowest sSFRs and that the highest stellar-to-halo
mass objects (Log10 MStellar ∼ 11 M and Log10 MHalo ∼
12) have slightly higher sSFRs compared to objects of simi-
lar stellar mass but higher halo mass. These average trends
are replicated, with more clear differences in various sub-
populations, in the central panel from the catalogue of Salim
et al. (2016).
We also use stellar mass and luminosity weighted stel-
lar age estimations derived from SDSS spectra from Gallazzi
et al. (in prep, method based on Gallazzi et al. (2005) and
outlined in Pasquali et al. (2019)), in order to compare if
spectroscopic techniques also reproduce our average trends
in stellar and halo mass, this can be seen in the right hand
panel of Figure 9. We see similar average trends reproduced
as in Figure 1. We argue that the tests carried out in this
section mean that the average trends found in previous sec-
tions are to a good degree of confidence, reliable.
5.3 Selection effects and sample matching
As mentioned in Section 3.2, to be able to make a mean-
ingful comparison between the observed and simulated data
sets, some level of matching needs to be applied. Techniques
such as stellar or halo mass matching, star formation rate
or colours are commonly used. We chose not to match in
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these factors as we would significantly reduce the size of our
observational sample and we wanted to compare how well
TNG300 reproduced the trends in stellar-to-halo mass with
respect to the other variables, in order to best observe the
trends produced by environmental and secular processes. We
briefly consider other possibly matching techniques and their
possible effects on the results.
Due to cross-matching multiple group catalogues, which
resulted in the loss of a significant number of galaxies, it is
extremely difficult to calculate the volume of the observa-
tional sample, and beyond the scope of this work. We as-
sume that TNG300 has a smaller volume than our obser-
vational sample due to the smaller sample size. This could
mean that statistically we do not see the observed trend due
to less extreme objects, however we argue that a ratio of 1:2
in the sample size difference would not be enough to hide
the prominent behaviour of the highest stellar-to-halo mass
objects and the differences in galaxies at intermediate stellar
mass, which TNG300 should sample well.
Jackson et al. (submitted to MNRAS) applied a match-
ing criterion between an observational and simulational sam-
ple of low redshift AGN. They used the Cartesian coordi-
nates of each galaxy within the simulation box to calculate
the distance from the centre of the simulation box. This was
then combined with the luminosities of each galaxy to yield
the fluxes, which could then be used to make a cut, mim-
icking the survey sensitivity limits. We repeated the same
exercise here, from 100 different locations in the simulation
box, in order to observe if a significant amount of objects
were cut from the TNG300 sample according to the SDSS
magnitude limit. We find that less than 1 per cent of all cen-
tral galaxies above a stellar mass of 109 M fall under the
magnitude limit at any point in the simulation box, mean-
ing the survey limit does not heavily bias our results. We
tentatively conclude that selection effects from instrument
sensitivity are unlikely to cause the differences we see be-
tween the observational and simulational trends.
6 SUMMARY & CONCLUSIONS
In this paper we have presented the stellar mass assembly
of a sample of ∼ 90, 000 local, central galaxies in groups
and clusters above a halo mass MHalo > 1012 M (M &
109.5M). We matched SDSS group catalogues from Yang
et al. (2007), Lim et al. (2017) and Blanton et al. (2005)
to obtain numerous galaxy properties such as halo mass,
Se´rsic index, number of satellite galaxies, effective radius
and Malmquist bias. We then took estimates of the assembly
times for 10, 50 and 90 per cent of the stellar mass and
the relative growth at various epochs from Pacifici et al.
(2016). These estimates were obtained from fitting multi-
wavelength photometry, measured within 2Re on average,
from the UV to the NIR with SED models derived from
realistic star formation histories generated via semi-analytic
model of De Lucia & Blaizot (2007). This allows a more in-
depth investigation of the stellar mass build-up than single
stellar ages alone. We then, for the first time, investigated
the trends of these stellar assembly times simultaneously in
the stellar versus halo mass plane in an attempt to separate
secular and environmental processes and the effect they have
on galaxy evolution.
We find clear dependencies of all of the stellar assem-
bly lookback times on stellar mass, whereby galaxies with
higher stellar masses (at constant halo mass) have on average
older lookback times, mirroring downsizing behaviour found
by previous studies of galaxy assembly. We also find, how-
ever, secondary halo mass dependencies, whereby galaxies
with higher halo mass at constant stellar mass have slightly
younger assembly times. This could possibly due to either
the larger potential of the more massive halo able to accrete
and cool gas more efficiently or the ability to recycle old
gas more efficiently. An exception to this behaviour is a sub
sample of massive galaxies in relatively small haloes (Log10
MStellar ∼ 11 M and Log10 MHalo ∼ 12). By observing the
growth rate throughout cosmic time as well as inspecting
the average sSFR, Se´rsic indices and the number of satellite
galaxies, we conclude that these are likely massive, late-type,
field galaxies.
We compared these results to the TNG300 simulation.
We find that the simulations predict on average similar stel-
lar assembly lookback times as either a function of stellar
and halo mass, with trends generally within the scatter of
the observational data. However, differences are found in
secondary trends when both stellar and halo mass are si-
multaneously considered. We find these differences in be-
haviour in the assembly times as a function of stellar and
halo mass most noticeably in intermediate stellar mass ob-
jects (Log10 MStellar ∼ 10.5 M and Log10 MHalo ∼ 13),
whereby TNG300 predicts these should be some of the old-
est objects in the sample, compared to the youngest in the
SDSS sample. Discrepancies in the stellar assembly times on
the stellar-halo mass plane manifest themselves also in differ-
ences in the quenched fractions between TNG300 and SDSS
when these are evaluated simultaneously in bins of stellar
and halo masses. As the kinetic mode black hole feedback
displays similar behaviour as a function of stellar and halo
mass, we tentatively link this to the difference in behaviour
between the observations and simulations. A deeper investi-
gation, beyond the scope of this work, would be required to
confirm this link however.
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